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a b s t r a c t 
A model is developed for predicting separation along interfaces of pressure sensitive adhesives. Many 
authors have used the cohesive zone approach to solve such problems but the parameter calibration of 
such models remains uncertain. This study reports a novel method for determining such parameters. In 
addition, it provides crucial evidence for the suitability of the cohesive zone model approach in modelling 
interface fractures. 
Peel tests were performed at various rates using specimens which consisted of a polyester backing 
membrane supporting an acrylic pressure-sensitive adhesive (PSA) adhered to a polyethylene substrate. 
Interfacial separation of the PSA from the polyethylene substrate was observed. Finite element (FE) peel- 
ing simulations were conducted which modeled the backing-membrane as an elasto-plastic power-law 
material, the adhesive as a viscoelastic material and the interfacial properties with a cohesive zone model 
(CZM). The material properties of the backing membrane and the pressure-sensitive adhesive were mea- 
sured from tensile and stress relaxation experiments. The rate-dependent CZM parameters were mea- 
sured directly from poker-chip probe-tack tests which were performed at pull-off speeds which corre- 
sponded to the rates employed for the peel tests. The effect of the PSA thickness and test rate on both 
tack and peel was investigated experimentally, as well as modeled numerically. Good agreement was 
found between the experimentally measured and numerically predicted peel forces for different peel an- 
gles, speeds and PSA thicknesses. In addition, it was proven that the rate dependence observed in the 
peel and probe-tack data was dominated by the rate dependence of the interface properties, i.e. the time 
dependence of the two CZM parameters of maximum stress and fracture energy, rather than the time- 
dependent bulk viscoelasticity of the PSA peel arm. 
© 2016 The Authors. Published by Elsevier B.V. 
This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 
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0. Introduction 
Pressure-sensitive adhesives (PSA) are used in a wide variety
f applications such as adhesive tapes [1] , product labels, postage
tamps [2,3] , paper note pads, clothing [4] and transdermal patches
5–7] . The transdermal patches consist of the adhesive and the
rug sandwiched between an impermeable backing membrane and
 release liner, however there are ﬁve main designs which deliver
rugs in different ways. These are monolithic drug-in-adhesive,
ulti-laminate drug-in-adhesive, liquid reservoir, polymer matrix 
nd vapor [6,8] . The research conducted by the authors is aimed to
evelop single-layer drug-in-adhesive patches speciﬁcally for the
uman nail with fungal infections. Previously published work in-
olved characterizing the PSA, backing membrane, PSA-substrate∗ Corresponding author. Tel.: +44 20 7594 7246. 
E-mail address: m.charalambides@imperial.ac.uk (M.N. Charalambides). 
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ttp://dx.doi.org/10.1016/j.jnnfm.2016.01.016 
377-0257/© 2016 The Authors. Published by Elsevier B.V. This is an open access article unterface and performing peel tests with patches at multiple peel
ngles, which relates to the force required for removal [9] . The
ork presented in this paper focuses on testing and modeling the
eel test at different speeds and with patches of increasing PSA
hicknesses, which directly relate to pain upon removal and the
rug-loading capacity, respectively. Although the work had an ul-
imate aim to develop a pharmaceutical patch for infected nails,
he current paper focuses on adhesives with no drug applied to
 high-density polyethylene (PE) substrate. Note that PE was se-
ected as the substrate since it possessed a surface energy simi-
ar to that reported for the human ﬁngernail plate [10] . The effect
f drug-loading and changing the interface to human nails on the
eel force will be reported in a future publication [11] . 
Typical PSA products consist of the PSA material sandwiched
etween a ﬂexible backing membrane, such as a plastic ﬁlm, a
aper ﬁlm or a metal foil, and a low surface energy release-liner
hich in the case of rolls of tapes is laminated to the top surface
f the backing material. nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 
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Table 1 
The Prony series parameters. 
Van der Waals g 0.1 g 1 g 10 g 100 g 1000 
0.740 0.044 0.099 0.046 0.038 
l  
r  
t
 
t  
t  
i  
a  
s  
u  
s  
p  
l  
t  
t  
s  
t  
c  
p
 
c  
t  
a  
t  
c  
N  
t  
e  
i  
p  
p  
T  
w
2
2
 
2  
b  
a  
v  
P
p  
t  
b
 
e  
b  
r  
t
σ  
w
 
t  Acrylic-based PSAs are bio-compatible with skin [6,12] and un-
like other classes of PSAs, such as rubber and silicone, do not
require the addition of tackiﬁers to form a good bond to a sub-
strate surface [1] . Tack is deﬁned as the ability of a PSA to form
an instant bond when it is brought into contact with a surface.
The quality of the bond is inﬂuenced by numerous factors includ-
ing the surface energies of the adhesive and substrate, dwell time,
contact pressure, mechanical properties of the adhesive, tempera-
ture and humidity [13] . While tack is necessary to create the bond,
it is equally as important when a ‘clean’ separation of the surfaces
is desirable such as in the case of drug-loaded patches [12] . The
most commonly used testing methods for quantifying tack include
the loop-tack [14,15] , rolling-ball and probe-tack tests [16] . In the
probe-tack test, a ﬂat or spherical probe contacts the PSA surface,
compressing it until a speciﬁc load is reached (the dwell force) and
then the probe is held at that position for a period of time (the
dwell time) [17–20] . The probe is then displaced usually at a con-
stant speed in the direction opposite to loading until failure within
the PSA or at the interfaces occurs, and the force-displacement his-
tory is recorded. 
The peel test is a simple experiment in which the force required
to separate two surfaces is measured and then used to calculate
the energy dissipation [21–24] . The magnitude of the resulting peel
force depends on variables such as the peeling speed, peel angle,
peel arm thickness and adhesive thickness. Modeling of the peel-
ing process accurately is a challenge, requiring the material prop-
erties of the entire peel arm and a damage criterion to represent
the mode of fracture which can be either failure of the adhesive or
debonding at the interface. Numerous authors have modeled the
peel test, using various failure criteria such as the cohesive zone
model (CZM) [24–28] , virtual crack closure [29] , xfem [30] or a
critical stress at a distance [31,32] , but the majority of these stud-
ies were conducted at a single peeling speed and with relatively
thick metallic peel arms bonded using high-modulus structural ad-
hesives. 
There is some literature on investigations involving peeling at
different rates. Zhou et al. [33] proposed an extended theoretical
peel zone model to determine how the peel velocity impacted the
peel strength, shape of the peel zone and angle at the peel font.
They tested three commercial tapes at various angles by applying
a ﬁxed load to the peel arm to achieve a constant velocity. The re-
sults showed that both the peel strength and peel angle increased
linearly with peel velocity and the authors were able to validate
their theoretical model with the experimental data. Rahulkumara
et al. [34] developed a computational model for predicting frac-
ture in viscoelastic materials when peeling at different velocities. A
rate-independent cohesive zone model was used to simulate frac-
ture and a dimensional analysis revealed that the thickness, bulk
properties of the polymers as well as the cohesive zone param-
eters inﬂuenced the macroscopic fracture energy. However, there
was a quantitative discrepancy between the experimental and the-
oretical peel data which was the result of the macroscopic frac-
ture energy being dependent on the peeling rate, and thus it was
concluded that a rate-dependent cohesive law was needed. Du
et al. [35] performed peel tests using rubber-based PSAs, which
they then modeled using the ﬁnite element (FE) software, Abaqus
[36] , with an elastic energy-density failure criterion to describe
the interfacial debonding. Although both the numerical and ex-
perimental results gave the same shape for the force-speed mas-
ter curve, the predicted peel forces were lower than the mea-
sured values as the peeling rate increased. The discrepancy was
attributed to the fact that the PSA was characterized at very small
strains using rheological data. Marzi et al. [37] implemented a rate-
dependent bilinear cohesive zone model into the ﬁnite element
code LS-DYNA to simulate the fracture of tapered double-cantilever
beam (TDCB) specimens over six orders of magnitude of test ve-ocity. The model was validated with experimental results and the
ate-dependent CZM was then successfully applied to the T-peel
est. 
In the present work, a cohesive zone approach will be used
o model the interface separation and the aim is to prove that
he traction-separation law can be calibrated through appropriate,
ndependent tests. Such evidence is lacking in the current liter-
ture and therefore will be of signiﬁcant importance to the re-
earch community. Peel tests were performed at different rates
sing specimens which consist of a polyester backing-membrane
upporting an acrylic pressure-sensitive adhesive adhered to a
olyethylene substrate. The effect of the geometry of the adhesive
ayer was investigated experimentally and numerically. Note that
he thickness of the adhesive layer in this study is comparable to
he thickness of the peel arm, unlike the case of structural adhe-
ive bonds where the adhesive layer is often very thin compared
o the peel arm. The peeling model used a cohesive zone failure
riterion and has the ability to calculate the peel force at different
eeling rates. 
The outline of the paper is as follows: ﬁrstly, the mechanical
haracterization techniques, material models descriptions and ma-
erial constants for the polyester backing membrane and the PSA
re given. The experimental poker-chip probe-tack test and peel
est methods are then described followed by a description of the
ohesive zone model and the ﬁnite element models of both tests.
ext, the experimental and numerical results of both the probe-
ack and peeling tests are presented as well as a discussion of the
ffect of all the variables investigated such as PSA thickness, veloc-
ty and peel angle [9] . Finally the FE peel model is used to perform
arametric analyses which investigate the inﬂuence of the CZM
arameters and the viscoelasticity of the PSA on the peel force.
he numerical predictions are compared to the experimental data
herever possible for validation purposes. 
. Experimental 
.1. Materials 
In this work, Scotchpak 9757 backing membrane and DuroTak
852 PSA were used to make peeling samples. The backing mem-
rane was a 20 μm thick polyester ﬁlm purchased from 3 M while
 self-curing acrylic PSA was supplied by Henkel in an organic sol-
ent solution. Before peeling tests were conducted, the backing and
SA were tested individually and characterized with an elastic–
lastic and visco-hyperelastic material analytical models respec-
ively [9] . A brief description of the both material models is given
elow. 
The polyester backing membrane was modeled using a simple
lasto-plastic power-law, as stated in Eq. (1 ). This model allows
oth the initial linear-elastic region and the plastic work-hardening
egion of the stress–strain curve to be expressed analytically
hrough: 
= 
⎧ ⎨ 
⎩ 
Eε ( ε ≤ ε y ) 
σy 
(
ε 
ε y 
)n 
( ε > ε y ) 
(1)
here is the ε y yield strain and n is the power-law constant. 
The PSA is a non-linear viscoelastic material, hence its constitu-
ive response under step strain relaxation is both strain- and time-
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r  ependent. The stress, for any strain history, can be evaluated from
he Leaderman form of the convolution integral as shown below
38] : 
( t ) = g ∞ σ0 ( t ) + 
N ∑ 
i =1 
t 
∫ 
0 
g i e 
( 
−
t − s 
τi 
) 
d σ0 ( s ) 
ds 
.ds (2) 
here g(t) , the time-dependent function, is represented by the
rony series: 
 ( t ) = g ∞ + 
N ∑ 
i =1 
g i e 
( −t/ τi ) (3) 
here g ∞ and g i are dimensionless constants, τ i are the relaxation
imes and g ∞ +g i = 1. 
The function σ 0 is calculated through the Van der Waals hy-
erelastic potential with the following material parameters: an in-
tantaneous shear modulus, ψ , locking stretch constant, λm , and
he global interaction parameter, α [39,40] : 
0 = λdW 
dλ
= ψλ
(
λ − 1 
λ2 
)
×
[ √ 
λ2 m − 3 √ 
λ2 m − 3 −
√ 
λ2 + 2 λ−1 − 3 
− α
√ 
λ2 + 2 λ−1 − 3 
2 
] 
(4) 
Therefore, σ 0 ( ε) represents the instantaneous stress–strain re-
ationship, corresponding to t = 0, while g ∞ σ 0 ( ε) is the long-term
tress–strain relationship corresponding to t = ∞ . A more detailed
escription can be found in the work published by Goh et al. [41] .
t should be noted that Eq. (2 ) assumes that the strain and time
ffects on the stress response are separable. 
Tensile tests were performed on the backing membrane, while
oth tensile and relaxation tests were performed on the PSA.
he backing membrane was found to have an elastic modulus, E ,
nd yield stress, σ y , of 4.44 GPa and 70 MPa respectively, while
he power-law constant, n , was calculated to be 0.287. The Van
er Waals hyperelastic material constants were determined as:
 =0.411 MPa, λm = 8.56 and α=0.361. The Prony series param-
ters are summarized in Table 1 where the subscripts represent
he relaxation times; these were set to range from 0.1 to 10 0 0 s
nd spaced such that they were an order of magnitude apart. All
aterial parameters for the backing membrane and the PSA were
btained from previous experiments conducted by the authors [9] .
.2. Poker-chip probe-tack tests 
Poker-chip probe-tack tests were performed to determine the
nterface properties between the PSA and substrate, which in
his case was high-density PE. The PSA was dissolved in a
ichloromethane solvent to reduce the viscosity and then cast on
 ﬂuoropolymer-coated release-liner purchased from 3 M. After the
olvent evaporated fully, a soft-solid acrylic PSA sheet was formed
nd then another release-liner was placed on top of the PSA to
revent contamination of the PSA surface. It should be noted that
lthough this sample preparation method is relatively simple, it is
iﬃcult to control the ﬁnal PSA ﬁlm thickness, resulting in a range
f thickness throughout the solid acrylic sheet. Circular samples
f 13 mm diameter were cut from the release-liner/PSA sandwich
nd subsequently applied to the PE substrate. A 15.6 mm diameterFig. 1. The ﬁve stages of the probe-tack test: (a) initial contacteel probe, attached to a Zwick Roell Z1.0 testing machine, was
rought into contact with the PSA surface as seen in Fig. 1 (a). The
SA was then compressed, Fig. 1 (b), to a set dwell force and held,
ig. 1 (c), for a ﬁxed dwell time before being pulled off, Fig. 1 (d),
t a constant crosshead speed. Upon pulling off the steel probe
nd the attached PSA, there was no observable ﬁbrillation of the
SA and failure occurred at the PSA-PE interface, Fig. 1 (e). The area
nder the resulting load-displacement curve, between stages 1(d)
nd 1(e), was calculated and is referred to as the tack energy, or
he tack work of adhesion, W a , while the peak load was converted
nto a tack strength, or maximum stress, σmax , by dividing the peak
oad by the cross-sectional area of the PSA ﬁlm. In the initial set of
ests [9] , the dwell force and dwell time were both varied between
–20 N and 10–300 s respectively, in order to determine the mini-
um threshold value of each variable. The threshold dwell force
nd dwell time, deﬁned as the values beyond which there was
o increase in either the tack strength or tack energy, were found
o be 10 N and 60 s respectively. Probe-tack tests were performed
t pull-off speeds of 1, 10 and 100 mm/min. For each parameter
hich was varied, between ﬁve to seven replicate tests were per-
ormed and all experiments were performed under environmental
onditions of 21 °C and 50% humidity. 
.3. Peel tests 
Peel test specimens were prepared by casting the acrylic PSA
nto the polyester backing membrane and allowing the dissolved
olvent to evaporate. The release-liner was placed on the PSA to
rotect its bonding surface and the assembled tape was cut into
5 mm wide and 80 mm long specimens for the peel tests. The
elease-liner was subsequently removed from the surface of the
SA, the latter having an average thickness of 250 μm. Approxi-
ately 40 mm of the tape length was then applied to the PE sub-
trate using a roller, of mass 2.5 kg and diameter 60 mm, which
nsured that a high enough dwell force was achieved to produce
omplete bonding. The free-end of the peel arm was ﬁxed to a ten-
ile grip on a Zwick Roell Z1.0 mechanical testing machine. The PE
ubstrate was attached to a 80 mm × 40 mm IKO precision linear
lide with a stroke length of 47 mm, which ensured that a con-
tant peel angle was maintained during the test. Peel tests were
erformed at a constant peel angle of 90 ° and constant speeds
f 1, 10 and 100 mm/min. A schematic of the peel test attached
o the roller and the testing machine is shown in Fig. 2 . At each
peed, the peel test was repeated four times and all experiments
ere performed under environmental conditions of 21 °C and 50%
umidity. The resulting peeling force history at each constant
peed and angle was recorded. 
. Numerical 
.1. Cohesive zone model 
In this section both the probe-tack and peel tests were mod-
led using the ﬁnite element (FE) software, Abaqus [36] . The back-
ng membrane and the PSA were described by elastic–plastic and
isco-hyperelastic material models respectively, and the material
arameters are given in Section 2.1 . A rigid body was used to
epresent the PE substrate and a failure criterion was implementedt, (b) compression, (c) relaxation, (d) tension, (e) failure. 
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Fig. 2. A schematic of the experimental peel test. 
Fig. 3. The traction-separation law used for the CZM. 
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eat the PSA-PE interface as was observed experimentally. In this
work a cohesive zone model (CZM) was used with a bi-linear
traction-separation law as shown in Fig. 3 . The penalty stiffness
value, k , used was 5 ×10 11 Pa/m, which was suﬃciently high to en-
sure that the compliance at the interface was negligible. The other
two parameters, namely the fracture energy, G a , and maximum
stress, σmax , were assumed to be equivalent to the experimentally
measured tack work of adhesion, W a , and tack strength, respec-
tively (see Section 2.2 ). This traction-separation curve was used for
both normal and shear failure modes. Note that previous simula-
tions showed that the Mode II effect in peeling was minimal [9] . Fig. 4. A typical deformed mesh of t.2. Poker-chip probe-tack model 
The probe-tack test was simulated with a 2D axisymmetric ﬁ-
ite element model. The probe and substrate were modeled as
nalytical rigid bodies while the PSA was modeled with the visco-
yperelastic material model presented in Section 2.1 . A tie con-
traint was applied between the probe and the PSA while cohesive
ontact was implemented at the substrate-PSA interface. The
ubstrate was ﬁxed while the probe was given a displacement
oundary condition to match the experimental pull-off speeds. As
lready mentioned, the CZM parameters used were taken from the
xperimental probe-tack tests (see Section 3.1 ). A mesh conver-
ence study was performed, from which it was determined that
he minimum element size needed was 50 μm. 
.3. Peeling model 
A 2D simulation of the peel test with linear, non-reduced inte-
ration, plane strain elements was performed. The entire assembly
onsisted of two parts: an analytical rigid-body representing the PE
ubstrate and a 2D deformable body for the peel arm, which was
hen partitioned into the polyester backing membrane and the PSA
dhesive components. The backing membrane and the PSA were
odeled using the elastic–plastic and visco-hyperelastic material
odels detailed in Section 2.1 . A CZM was implemented at the in-
erface between the PSA and the PE substrate, to simulate interfa-
ial failure, as was indeed observed experimentally. The free end
f the peel arm was displaced in the required loading direction, in
his case 90 ° to the horizontal, while the rigid PE substrate was
estrained both horizontally and vertically. 
In the present work, cohesive contact was used instead of co-
esive elements. Previous peeling simulations, not presented here,
howed that for a given traction-separation law, both methods
ave identical results. However, cohesive contact was an easier and
 more logical approach to implement because failure via peel
rack growth was observed to occur at the interface between the
SA and the PE substrate. 
A mesh-sensitivity analysis, using linear elements, was per-
ormed in order to determine the optimal level of mesh reﬁnement
hich was computationally eﬃcient without compromising the ac-
uracy of the results. This was found to be two and three elements
hick for the backing membrane and the PSA, respectively, with an
lement length of 50 μm. This mesh density was used in all mod-
ls and is shown in Fig. 4. he peel arm at the peel front. 
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Fig. 5. The stress–displacement obtained from the tack FE models with different 
PSA thicknesses, CZM parameters of G a = 70 J/m 2 , σmax = 0.3 MPa and a pull-off
speed of 100 mm/min. 
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Fig. 6. The variation of W a and σmax with PSA thickness for probe-tack tests per- 
formed at dwell times above 60 s, a dwell force of 10 N and pull-off speed of 
100 mm/min. 
Fig. 7. The variation of W a and σmax for probe-tack tests performed at pull-off
speeds of 1, 10 and 100 mm/min. 
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t  . Results and discussion 
.1. Poker-chip probe-tack 
Before any probe-tack experiments were conducted at variable
ull-off speeds, a simulation was performed using the data from a
revious experimental study [9] . In that work, the tack tests were
arried out at a constant pull-off rate of 100 mm/min and using
ZM parameters of G a = 70 J/m 2 , σmax = 0.3 MPa. A parametric
tudy was performed to investigate the effect of increasing the PSA
hickness, h a , on the probe-tack test output. The thicknesses sim-
lated varied between 50 and 1500 μm, and the output reaction
orce history was used to calculate the global stress. Fig. 5 shows
he global stress–displacement from the FE model along with the
nput traction-separation law. 
It can be seen that the stress–displacement curve closely agrees
ith the input traction-separation law as the PSA thickness de-
reases. For the thicker PSAs the maximum stress diverges from
he input values of G a and σmax , an indication of the additional
nﬂuence of the deformation of the PSA on the global response.
or the simulations with h a of less than 300 μm, the stress–
isplacement responses were very similar to each other whereas
s h a increased, such as at 1500 μm, the adhesive deformed with-
ut debonding at the CZM interface. 
.1.1. Experimental probe-tack results 
The effect of PSA thickness, h a , on both the tack work of adhe-
ion, W a , and tack strength, σmax , was considered for the data in
hich probe-tack tests were performed with a dwell force of 10 N,
ull-off speed of 100 mm/min and dwell times above the thresh-
ld value of 60 s. The thickness of each PSA sample was measured
ith a digital micrometer before each test. The thickness of each
ample, after being applied to the PE substrate, was also measured
sing the Zwick Roell Z1.0 testing machine by recording the posi-
ion of the probe at the point of initial contact. There was good
greement between the values measured using the two indepen-
ent methods. For these samples, the thickness varied between 80
nd 200 μm and no correlation was found between the thickness
nd either W a or σmax as can be seen in Fig. 6 . It was therefore
oncluded, that both parameters were independent of PSA thick-
ess within the range tested which was in agreement with the re-
ults of the numerical study outlined in Section 4.1 . 
The pull-off speeds were then varied at 1, 10 and 100 mm/min
hile the initial compression speed remained constant at
.1 mm/min (stage 1a) – 1b) in Fig. 1 ). By performing these testst different rates, it would be possible to obtain CZM parameters
o be used in peeling simulations performed at these correspond-
ng speeds. Fig. 7 shows that both the σmax and W a increase with
ull-off speed. The average thickness of the samples tested at 1
nd 10 mm/min was 250 μm but the values ranged between 230
nd 260 μm. The numerical study in Section 4.1 indicated that
his thickness value fell within the range in which there was no
igniﬁcant effect. These samples were also tested at the threshold
well force and dwell time of 10 N and 60 s respectively. The sam-
les tested at 100 mm/min had an average thickness of approxi-
ately 150 μm and the values of W a and σmax were calculated us-
ng a higher number of datasets (see Fig. 6 ) for several dwell times
bove the threshold value. 
.1.2. Probe-tack test contact area 
For the probe-tack test, it was assumed that the probe made
erfect contact with the PSA. To test this assumption, a special
ressure sensitive paper ﬁlm from Sensor Products Inc. was placed
etween the probe and PSA which was then compressed to 100 N.
n example image of the ﬁlm after compression is shown in Fig. 8.
The more intense red regions indicated where the applied pres-
ure was greater and from these tests there appeared to be an
neven stress distribution on the PSA, possibly due to probe mis-
lignment. Image analysis was performed on three different sam-
les to measure this area. It was found to be approximately 80% of
he full area of the 13 mm diameter circle. Therefore, the original
90 I.K. Mohammed et al. / Journal of Non-Newtonian Fluid Mechanics 233 (2016) 85–94 
Fig. 8. Pressure-sensitive ﬁlm indicating the stress distribution of the contact be- 
tween the probe and the PSA. 
Fig. 9. The stress–displacement obtained from the tack FE models at pull-off speeds 
of 1, 10 and 100 mm/min. 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2 
The G a and σmax parameters used in the CZM. 
Pull-off speed, Input maximum Input fracture 
˙ x [mm/min] stress, σmax [MPa] energy, G a [J/m 2 ] 
1 0.1 20 
10 0.2 40 
100 0.3 70 
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r  tack values shown in Fig. 7 were recalculated using this actual area
and are given in the last two columns of Table 3. 
4.1.3. Numerical probe-tack results 
In this section, the FE model discussed in Section 4.1 is also
used. The PSA thickness was kept constant and selected to be
150 μm since this value was the measured thickness of the
PSA in the tack experiments conducted with a pull-off speed of
100 mm/min [9] . Fig. 9 shows the output stress–displacements ob-
tained from the FE models at the three pull-off speeds, along with
each of the corresponding input traction-separation laws. Table 2
gives the G a and σmax values used at each speed in the CZM which
result in the numerical stress–displacement responses shown in
Fig. 9 . From Table 2 it may be seen that the values of G a and σmax 
associated with the CZM for the interface increase with increasing
rate, and this arises from the viscoelastic nature of the PSA in the
deformation zone at the peel front. As can be seen, the global stress–displacement proﬁle was not
n perfect agreement with the input traction separation law with
he maximum stress being somewhat less than the input σmax for
ll the tack simulations. This was attributed to the deformation of
he visco-hyperelastic elements which added an extra compliance
o the model. These results thus implied that the tack strength and
ack energy measured from the probe-tack experiments were not
he true interface properties, since the PSA accounted for some of
he overall mechanical response. The CZM parameters at the inter-
ace could thus be ‘corrected’ (by increasing both G a and σmax ) in
rder to more closely reproduce the stress–displacement response
btained experimentally. These corrected pairs of values could be
btained with a numerical inverse analysis, but this correction pro-
edure was not pursued further as the error was less than 8%. This
as small compared to the 20% error in the tack parameters due
o the non-uniform stress distribution, as evidenced by Fig. 8. 
As a numerical case study, two pairs of CZM parameters ( G a =
0 J/m 2 , σmax = 0.3 MPa and G a = 40 J/m 2 , σmax = 0.2 MPa) were
mplemented into the probe-tack model for each of the three pull-
ff speeds. The output stress–displacement graphs for a constant
peed were almost identical to each other (results not shown),
ith less than 1% difference in the tack strength and tack energy.
hese results indicated that for a relatively thin PSA ﬁlm, the rate-
ependency observed in the probe-tack experiments was due to
he rate-dependency of the CZM properties rather than the effect
f strain-rate on the deformation of the bulk PSA . This effect will
e investigated further with peeling simulations in Section 4.2.2.4 . 
The experimental probe-tack data shows a large scatter possibly
ue to imperfect contact but the method does show great potential
f a more precisely designed test rig is used. 
.2. Peeling 
.2.1. Experimental peeling results 
The steady-state forces from the peel tests were recorded in
able 3 where it can be seen that the peel force increased with
rosshead speed. In earlier work, an analytical peeling model de-
eloped by Kinloch et al. [42,43] was used to calculate the frac-
ure energy. The peel forces from the experiments performed at
ifferent speeds were used in the analytical peeling model to de-
ermine the corresponding fracture energies. As expected, the an-
lytically calculated fracture energy, G a , also increased with speed,
hich is in agreement with the ﬁndings of increasing W a with
ate, as obtained from the probe-tack tests. However, the G a val-
es were much higher, by 50% at the fastest speed and by 120% at
he slowest speed, than the corrected probe-tack work of adhesion,
 a , shown in Table 3 . This trend was also observed previously
hen peel tests were conducted at various peel angles and a ﬁxed
rack speed [9] . The analytical model was therefore not pursued
urther. 
In Table 3 , two more pairs of W a and σmax are shown cor-
esponding to 5 and 50 mm/min. These values were calculated
hrough interpolation of the experimental data points at 1, 10
nd 100 mm/min. The interpolations were performed by generat-
ng best ﬁt curves which were found to be a power law and a loga-
ithmic function for the W a and σmax respectively (ﬁts not shown).
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Table 3 
The measured peel force and ‘corrected’ probe-tack values of W a and σmax for peel speeds tested at 1, 10 and 100 mm/min and interpolated 
( ∗) at 5 and 50 mm/min. 
Peel speed, ˙ x[mm/min] Experimental peel force, P [N] Corrected maximum stress, σmax [MPa] Corrected tack energy, W a [J/m 2 ] 
1 0.96 ± 0.11 0.14 ± 0.04 24.8 ± 7.3 
10 1.37 ± 0.22 0.25 ± 0.05 46.9 ± 9.0 
100 2.18 ± 0.11 0.35 ± 0.10 85.2 ± 34.7 
5 ∗ N/A 0.22 38.4 
50 ∗ N/A 0.32 71.2 
Fig. 10. The numerical and experimental steady state peel forces for different peel 
speeds at a peeling angle of 90 °. 
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Fig. 11. The numerical and experimental peel forces for different peel angles at a 
crack speed of 100 mm/min. The σmax and G a values were obtained from the cur- 
rent probe-tack test and were 0.35 MPa and 85 J/m 2 , respectively. 
Fig. 12. The numerical and experimental peel forces for various PSA thicknesses at 
a peel speed and angle of 100 mm/min and 90 ° respectively. 
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ehe interpolated data will be used to enable peel simulations at
he additional speeds of 5 and 50 mm/min in Section 4.2.2 . 
.2.2. Numerical peeling results 
.2.2.1. Effect of test rate. The measured tack CZM parameters,
hich have been corrected where appropriate as described above,
re shown in Table 3 , and were used as the input parameters
nto the peeling models for the corresponding peeling speeds.
or each peeling speed, three different pairs of CZM parameters
ere used based on the minimum, maximum and average tack
alues and, hence error bars could be included for the numer-
cal results. The peeling angle was 90 ° for each simulation. As
hown in Fig. 10 , there was good agreement between the experi-
entally measured and numerically predicted peel forces. At the
lowest speed of 1 mm/min, the upper bound of the numerical
eel force tended to more closely match the measured peel force.
t 10 and 100 mm/min, the average predicted forces fell within
he experimental range although there was a larger variation in
he numerically-predicted force at 100 mm/min due to the bigger
pread in the tack CZM parameters. These results are encouraging
n showing that peeling could be modeled at different speeds us-
ng material parameters which could be measured independently
or the backing, bulk adhesive as well as the PSA-substrate inter-
ace. 
In Fig. 10 a power law curve is shown which was ﬁtted to the
hree ‘Numerical’ points at speeds of 1, 10 and 100 mm/min. The
umerical forces from the peel simulations at 5 and 50 mm/min,
sing the corresponding interpolated CZM parameters in Table 3 ,
re shown in Fig. 10 for comparison. As can be seen, these two
oints closely follow the trend predicted by the power law, giv-
ng extra credibility in both the experimental data and modeling
ethods. 
.2.2.2. Effect of peel angle. Peel tests were previously performed
nd modeled at three peel angles with a crack speed of00 mm/min [9] . There was good agreement between the numeri-
al and experimental peel forces. In light of the contact area issue
n the tack tests, the corrected CZM parameters of 0.35 MPa and
5 J/m 2 were implemented into the model. The new predicted peel
orces are shown in Fig. 11 . These are seen to be somewhat higher
han previously reported [9] but are still in very good agreement
ith the experimentally measured peel forces. 
.2.2.3. Effect of thickness. A numerical investigation was under-
aken to examine the effect of the geometry on the peel force.
ultiple simulations were run with PSA thicknesses between 10
nd 500 μm while the peel speed, angle and CZM parameters were
ept constant. These values were 100 mm/min, 90 °, 0.35 MPa and
5 J/m 2 respectively. The predicted peel forces are compared to the
xperimental data in Fig. 12. 
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Fig. 13. The numerical peel forces for various PSA thicknesses and material models 
at a peel speed and angle of 100 mm/min and 90 ° respectively, using CZM parame- 
ters of 0.3 MPa and 70 J/m 2 . 
Table 4 
The CZM parameters used for peeling simulations at three speeds. 
G a [J/m 
2 ] 20 50 50 80 20 50 
σmax [MPa] 0.1 0.1 0.15 0.15 0.2 0.2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 14. The numerical peel forces predicted for various combinations of CZM pa- 
rameters at different speeds for a ﬁxed PSA thicknesses and peel angle of 90 °. 
Fig. 15. The numerical peel forces predicted for different PSA linear elastic moduli 
for a ﬁxed PSA thicknesses of 150 μm, peel angle of 90 °, peel speed of 100 mm/min. 
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r  The results showed that the peel force increased with PSA
thickness and also conﬁrmed that that the CZM parameters were
dependent only on the PSA-substrate interface, hence they are true
interface material properties and independent of the geometrical
conﬁguration of the PSA over the range studied in the present
work. Although the tack tests indicated that the PSA thickness
had a minimal effect on the CZM parameters, there was a notice-
able effect of peel force with increasing PSA thickness. This can be
attributed due to the additional deformation mechanism associated
with the bending of the PSA peel arm, see Fig. 2. 
In order to investigate this, additional FE simulations were per-
formed where a linear elastic model ( E = 4.44 GPa) was used to
represent both the backing membrane and the PSA. The results are
shown in Fig. 13 , where it can be seen that the thickness of the
PSA had no effect on the peel force. Further by dividing the output
peel force of 1.4 N by the width of the peel arm (20 mm), a value
of fracture energy equal to 70 J/m 2 is obtained which agrees with
the input value of G a in the model and also with analytical predic-
tions for cases where no plastic or viscous dissipations take place
[19,42] . Next, the backing was set as a linear elastic material ( E =
4.44 GPa) and the PSA was viscoelastic with the parameters given
in Section 2.1 . There was still found to be an increase in peel force
with thickness, thus highlighting the importance of bulk viscoelas-
tic dissipation in the PSA peel arm and its effect on the peel force.
Additionally, it can be seen that when an elastic and an elastic–
plastic backing membrane are assumed (with a viscoelastic PSA in
both cases), the predicted peel forces were similar, thus indicating
that the plastic energy dissipation in the polyester backing mem-
brane was minimal at a 90 ° peel angle. Note that this was not the
case for a 135 ° peel angle [9] . 
4.2.2.4. Parametric study of the CZM parameters. A further paramet-
ric study was performed by varying the CZM parameters and the
peeling speed. The pairs of G a and σmax used for these simulations
are given in Table 4 and the predicted peel forces are shown in
Fig. 14. 
As expected, for any given speed, the peel force increased when
either of the CZM parameters was increased. When the pair of
CZM values was kept constant and the speeds are varied, thereas a minimal increase in peel force with peeling speed. This small
hange was due to the viscoelasticity in the PSA. The study shows
hat the observed rate-dependency in the peel test was dominated
ore by the rate-dependence of the CZM properties rather than by
he bulk viscoelasticity of the PSA peel arm. This agrees with the
eported results from the probe-tack simulations in Section 4.1.3 . It
hould also be noted that as the σmax and G a values increased, the
imulations at 1 mm/min aborted since the PSA stretched without
eaching the stress or energy required for crack propagation to oc-
ur at the peel front. 
.2.2.5. Parametric study of the PSA modulus. In order to study
hether a simpler model than the visco-hyperelastic model could
ave been used for the PSA, an inverse analysis was undertaken.
 simple linear-elastic material model, with modulus values over
ve orders of magnitude, was implemented into the PSA section.
he resulting peel forces are shown in Fig. 15. 
The peel force decreased as the material becomes stiffer, how-
ver the peel force which was closest to the experimental value
orresponded to around 1 MPa, which is the order of magnitude
ypically associated with PSAs [44,45] and close to three times
he instantaneous shear modulus ( ψ =0.411 MPa) calculated in
ection 2.1 . Although these simulation results show that it was
ossible to accurately model the peeling using a simple linear-
lastic material model for the PSA, it is not straightforward to di-
ectly determine what value this should be for any given rate. This
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 s because experimental data showed that, even at small strains,
he stress–strain response was rate-dependent. 
The peeling model was effective and from the results obtained
 great deal of information was gained about the peeling process.
he numerically-predicted peel forces from the simulations were
n good agreement with the experimentally measured values at
ifferent peel angles, peel speeds and PSA thicknesses. Parametric
tudies showed that rate-dependency in the peel test was domi-
ated by the values of G a and σmax associated with the CZM for
he interface increasing with increasing rate and this arose from
he viscoelastic nature of the PSA in the deformation zone at the
eel front. However, the bulk viscoelastic energy dissipation in the
SA was still a contributing factor on the peel force as the PSA
hickness increased and this was attributed to the additional de-
ormation mechanism associated with the bending of the PSA peel
rm. Although the probe-tack test gave reasonably accurate results,
he scatter was rather high. Improvements to the test should be
ought through better probe-PSA surface alignment. 
. Conclusions 
Fixed arm peel tests were performed using specimens in which
he peel arm consisted of a polyester backing membrane support-
ng an acrylic pressure-sensitive adhesive (PSA) adhered to a PE
ubstrate. The tests were undertaken at various peel speeds, at a
xed peel angle and for a speciﬁc peel arm geometry. Additionally
he thickness of the PSA layer was varied and tests were conducted
at multiple peel angles) with a constant rate of crack growth. In
ach case, the peel forces needed to cause crack growth along the
SA-PE substrate interface were measured. 
Tack tests with a ﬂat steel probe were performed on PSA ﬁlms
dhered to a PE substrate to investigate the interface properties.
 previously determined threshold dwell force and dwell time
ere used while the pull-off speed was varied and then the tack
trength and work of adhesion was measured. These two param-
ters were applied directly into the traction-separation law of the
ohesive zone model used in the numerical modeling of peeling
nd probe-tack. 
Both the peel and tack tests were simulated with the ﬁnite
lement method by implementing a visco-hyperelastic material
odel and a cohesive zone model to represent the PSA and the
SA-substrate interface respectively. The CZM parameters obtained
rom the tack experiments at each pull-off speed were used in
he peel and tack simulations executed at the corresponding rate.
he CZM can be used to model peeling, however the values are
ate- dependent. The two required parameters, σmax and G a , can be
easured directly from probe-tack tests at pull-off speeds which
atch the peeling rate. The peeling model was also used for ge-
metrical considerations and predicted the peel force for different
SA thicknesses. The predicted peel forces from the FE simulations
ere in good agreement with experimentally measured values at
ifferent peel angles, peel speeds and PSA thicknesses. The val-
dation of the model against such a wide range of experimental
ata makes this a unique study and offers signiﬁcant evidence for
he suitability of the cohesive zone approach in modelling fracture
n these materials. In the future, a single rate-dependent cohesive
one model should be developed which automatically changes the
ZM parameters for any given peeling speed. 
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